Background and Purpose-Carotid intima-media thickness (IMT) is a surrogate marker of subclinical atherosclerosis and a strong predictor of stroke and myocardial infarction. The object of this study was to determine the association between carotid IMT and 702 single nucleotide polymorphisms in 145 genes. Methods-B-mode carotid ultrasound was performed among 408 Hispanics from the Northern Manhattan Study. The common carotid artery IMT and bifurcation IMT were phenotypes of interest. Genetic effects were evaluated by the multivariate regression model adjusting for traditional vascular risk factors. For each individual, we calculated a gene risk score (GRS) defined as the total number of the significant single nucleotide polymorphisms in different genes. Subjects were then divided into 3 GRS categories using the 2 cutoff points: mean GRS Ϯ1 SD. Results-We identified 6 significant single nucleotide polymorphisms in 6 genes for common carotid artery IMT and 7 single nucleotide polymorphisms in 7 genes for bifurcation IMT using the probability value of 0.005 as the significant level. There were no common significant genes for both phenotypes. The most significant genes were the tissue plasminogen activator (Pϭ0.0005 for common carotid artery IMT) and matrix metallopeptidase-12 genes (Pϭ0.0004 for bifurcation IMT). Haplotype analysis did not yield a more significant result. Subjects with GRS Ն9 had significantly increased IMT than those with GRS Յ5 (PϽ0.001). GRS was an independent predictor of both common carotid artery IMT (Pϭ2.3ϫ10 Ϫ9 ) and bifurcation MT (Pϭ7.2ϫ10
S
troke is a multifactorial disease and genetic factors contribute to its pathogenesis. Measurement of carotid intima-media thickness (IMT) is a well-established surrogate marker of subclinical atherosclerosis and is associated with increased risk of stroke and cardiovascular disease. 1 Family studies have demonstrated appreciable heritability of IMT, 2 which warrants identification of susceptibility genes to the phenotypic variation in IMT. Previous studies investigating a limited number of candidate genes in association with subclinical atherosclerosis have reported some promising quantitative trait loci. 3 Due to the advance of genotyping technologies, it is now possible to genotype a large number of single nucleotide polymorphisms (SNPs) by high-throughput platforms. These new technologies provide a unique opportunity to conduct more comprehensive genetic association studies by exploring a large number of candidate genes and to yield better insight to the complex pathogenesis of atherosclerosis.
There is no consensus on which carotid arterial site can serve as a better proxy of clinical cardiovascular outcomes. Each segment of carotid artery has its own unique anatomy and hemodynamic environment and therefore is prone to different pathophysiological mechanisms. It has been suggested that the intimal thickening in the common carotid artery (CCA) is more representative of the total body atherosclerosis burden, whereas the IMT in the internal carotid artery (ICA) represents primarily a focal atherosclerotic process in response to the local turbulent flow. 4 Because both the traditional cardiovascular risk factors and hemodynamic surroundings have differential influences on the CCA, carotid bulb, and ICA, 5 the proatherosclerotic genes may have various contributions to different carotid segments.
To explore the genetic determinants of carotid atherosclerosis, we selected 145 candidate genes involved in pathophysiology of atherosclerosis. They included genes associated with the extracellular matrix remodeling, hemostasis, endothelium function, renin-angiotensin system, inflammation, antioxidation, and glucose and lipid metabolism. We investigated the relationships between SNPs in these candidate genes and carotid segment-specific IMT among a Caribbean-Hispanic population from the North Manhattan Study (NOMAS). In addition to a single gene effect, we also evaluated the combined effect of multiple genes on carotid IMT.
Materials and Methods

Study Population
The study subjects were drawn from the prospective communitybased NOMAS cohort (53.1% Hispanics, 23.7% blacks, 20.1% whites, 3.1% others). 6 Four hundred eight subjects fulfilling the following criteria were enrolled in the present study: (1) selfidentification to be of Hispanic/Spanish origin through a series of interview questions modeled after the US census; (2) carotid ultrasound performed; and (3) DNA sample available for genetic studies. Our Hispanic population consisted of 62% Dominicans, 13% Puerto Ricans, 11% Cubans, and 14% other Hispanics. 7 Vascular risk factors, including body mass index, body weight, smoking history, diabetes, and hypertension, 7 were inquired and fasting blood samples were analyzed for blood sugar, high-(HDL-C) and low-density lipoprotein cholesterol, total cholesterol, and triglycerides. The study was approved by the Columbia University Medical Center Institutional Review Board.
Intima-Media Thickness Measurement
Carotid IMT was assessed by high-resolution B-mode ultrasound (Diasonics 2D-Gateway) with modification from the Atherosclerosis Risk in Communities protocol. 8 The IMT scanning consists of the near and far wall of CCA, carotid bifurcation (Bif), and ICA in the plaque-free area. 8 Measurements were performed by the M'Ath automatic computerized edge tracking systems (Canevas). 9 Our interreader and intrareader correlation coefficients were 0.77 and 0.94, respectively.
Genes and Single Nucleotide Polymorphism Selection
One hundred forty-five candidate genes with functional relevance to atherosclerosis were selected (Supplemental Table I , available online at http://stroke.ahajournals.org). The candidate SNPs were selected according to the following criteria: (1) SNPs leading to amino acid changes; (2) SNPs have been examined in previous studies; (3) SNPs located at evolutionarily conserved sequence homology (http:// genome.lbl.gov/vista/index.shtml); (4) tagging SNPs across different human populations (http://pga.gs.washington.edu); and (5) functional SNPs. Any eligible SNP needs to have a minor allele frequency Ͼ0.05 and been submitted to the dbSNP database by more than one source. In addition, to reduce SNP loci that can be tagged by each other, an attempt was made to select SNPs with a distance of more than 3000 base pairs. SNP genotyping was performed using the GoldenGate Assay (Illumina Inc, San Diego, Calif). 10 The final set consisted of 702 SNPs that covered a genomic region of 6.7 Mb. The average and median number of candidate SNPs at each gene were 4.8 and 4 (range, 3 to 15), respectively.
Statistical Analysis
Statistical analysis was performed by SAS 9.0 software (SAS Institute Inc, Cary, NC). Hardy-Weinberg equilibrium was computed by a 2 goodness-of-fit test. A probability value of 0.01 was used as an indication of deviation from Hardy-Weinberg equilibrium because of a large number of SNPs (nϭ702) tested. Thirty-six SNPs were not in Hardy-Weinberg equilibrium and were excluded from the subsequent analysis. According to our previous heritability results, IMT in the ICA was under weaker genetic influences than in the carotid bifurcation or in the CCA. 11 Therefore, the present study only focused on IMT in the CCA (CCA_IMT) and in the Bif (Bif_IMT).
Clinical parameters (age, sex, body mass index, body weight, smoking, diabetes, hypertension, serum level of total cholesterol, low-density lipoprotein cholesterol, HDL-C, triglycerides) were assessed by univariate regression to determine significant predictors of IMT. Pearson correlation was used to determine the relationships between IMT in any 2 of the 3 segments. Associations between SNPs and IMT were evaluated by multivariate regression after adjusting for significant covariates. We used 3 models (assuming the rare allele had an additive, dominant, or recessive effect) to evaluate the genetic effects on IMT. A threshold of PϽ0.005 was used as a cutoff level of significance. Significant SNPs were considered in the subsequent analyses of combined genetic effects and in the analyses of the gene-gene interactions by including interaction terms in the regression models. Haploview software was used to define haplotype blocks of each gene 12 and the Hap-Clustering program for the haplotype analysis. 13 For each individual, we computed a gene risk score (GRS) defined as the total number of the independent risk SNPs that were associated with Bif_IMT or CCA_IMT at the significant level of 0.005. For a gene having more than one significant SNP, we used regression analysis to identify their independency of contribution to IMT variation. The contribution of GRS to the IMT variance was assessed using a regression model adjusting for significant covariates. We performed bootstrap permutation to estimate the precision of test statistics obtained from GRS. The null distribution of the test statistics was generated by randomly taking 13 genes out of the 145 genes and using the most significant SNP in each gene to calculate a simulated GRS. Multivariate regression analysis was performed to evaluate the associations between simulated GRS and IMT. The empirical probability values are calculated as (Rϩ1)/(Nϩ1) where R is the number of times the permuted test yielded a probability value less than the observed probability value and N is the number of iterations in the permutation test. Subjects were then divided into 3 GRS categories using the 2 cutoff points: mean GRS Ϫ1 SD and mean GRS ϩ1 SD. The adjusted CCA_IMT and Bif_IMT in the 3 GRS categories were compared by analysis of variance and a post hoc pairwise test using the Scheffe correction.
Results
Clinical characteristics for the 408 participants are presented in Table 1 . The mean age was 64.5 years (range, 50 to 91 years); 45% were men. The average IMT (mm) was 0.91Ϯ0.09 in CCA, 0.92Ϯ0.09 in the Bif, and 0.83Ϯ0.07 in ICA. The CCA_IMT and Bif_IMT were moderately correlated (Pearson correlation coefficientϭ0.46, PϽ0.001), and the correlation coefficients between ICA_IMT and the 2 other measurements were 0.43 (Bif_IMT) and 0.37 (CCA_IMT), respectively (PϽ0.001). In univariate analysis, increased CCA_IMT was significantly associated with increased age and body weight and hypertension (Table 1 ). In contrast, increased Bif_IMT was associated with men and decrease in HDL-C levels.
SNPs in 13 genes were significantly associated with CCA_IMT or Bif_IMT after adjusting for age, sex, body weight, hypertension, and HDL-C levels (PϽ0.005; Table 2 ). For these 13 "significant" genes, only one SNP of each gene reached the significant level of 0.005. SNPs in 6 genes were found to be predictors of CCA_IMT. They included the tissue plasminogen activator (PLAT), thrombospondin 1 (THBS1), nitric oxide synthase 1 (NOS1), P-selectin (SELP), sodium channel 1␤ (SCNN1B), and chemochine (C-X-C motif) ligand 12 (CXCL12) genes. None of the polymorphisms in these genes were associated with Bif_IMT. SNPs significantly associated with Bif_IMT were in the following genes: matrix metallopeptidase 12 and 3 (MMP12 and MMP3), transforming growth factor ␤2 (TGFB2), angiotensin I converting enzyme (ACE), prostaglandin-endoperoxide synthase 2 (PTGS2, aka cyclo-oxygenase-2 [COX-2]), renin (REN), and paraoxonase 1 (PON1). We did not find any significant gene-gene interactions among these significant genes for either CCA_IMT or Bif_IMT. For haplotype analysis, we found that rs6658835-rs12097734 in TGFB2 had the most significant haplotype specific probability value of 0.0021 for Bif_IMT (Supplemental Table II ) . Seven genes (PON1, CXCL12, ACE, SCNN1B, SELP, MMP3, and THBS1) yielded haplotype-specific probability values between 0.0052 and 0.0466. PTGS2, REN, NOS1, MMP12, and PLAT genes did not show any significant results (all probability values Ͼ0.05) for either CCA_IMT or Bif_IMT.
The average GRS was 6.9Ϯ1.7 (range, 0 to 12). In the multivariate regression model, a higher GRS was significantly associated with increased CCA_IMT and Bif_IMT (Pϭ2.3ϫ10 Ϫ9 and 7.2ϫ10 Ϫ8 , respectively; Table 3 ). The empirical probability value in 500 000 permutations was 2ϫ10 Ϫ6 for both CCA_IMT and Bif_IMT. The GRS explained a greater proportion of IMT variation than other covariates (r 2 gene versus r 2 covariate ϭ8.9% versus 7.5% for CCA_IMT; 7.2% versus 4.1% for Bif_IMT). For CCA_IMT, the effect size of the GRS was comparable to an effect of a 5-year increment in age (␤ϭ0.015 per 1-U increase in GRS; ␤ϭ0.014 per 5-year increase in age).
Based on the 2 GRS cutoff points, subjects were then divided into low-(0 to 5), intermediate-(6 to 8), and high-risk 
Discussion
We found SNPs in 13 candidate genes associated with carotid IMT in a Hispanic population. These genes are involved in hemostasis (PLAT, THBS1), extracellular matrix remodeling (MMP3, MMP12, TGFB2), inflammation (CXCL12, PTGS2), antioxidation (PON1), endothelium function (NOS1, SELP), and the renin-angiotensin system (SCNN1B, ACE, REN). A cumulative effect of these genes explained a significant variation in carotid IMT. Subjects with multiple risk genotypes (ie, high GRS) had significantly increased IMT. The effects of genetic and vascular risk factors varied between carotid artery segments, which was most likely due to different anatomy, hemodynamics, and pathogenic mechanisms of atherosclerosis. Six SNPs were significantly associated with CCA_IMT, which are located in the PLAT, THBS1, NOS1, SELP, CXCL12, and SCNN1B genes. Elevated serum levels of tissue plasminogen activator (encoded by PLAT) have been reported to be associated with worse IMT. 14 Our study is in accordance with the results from the study by de Maat et al, 15 which showed that polymorphisms in PLAT accounted for the IMT variation in the general population. We also found that the nonsynonymous polymorphism rs2292305 (Ala523Thr) in THBS1 was associated with increased IMT. In a large study of 2850 subjects, the THBS1 Ans700Ser polymorphism was a significant risk factor for myocardial infarction. 16 Because thrompospondin-1 (encoded by THBS1) can enhance vascular smooth muscle cell proliferation and adhesion molecules expression, 17, 18 it could accelerate the atherosclerotic process in carotid and coronary arteries.
SELP and CXCL12 may initiate the atherosclerosis cascade in CCA_IMT. P-selectin (encoded by SELP) may recruit the monocytes to injured endothelium, and the stromal cellderived cell factor (encoded by CXCL12) may further trigger the monocyte differentiation toward macrophage. 19 Our results showed that both genes conferred susceptibility to carotid atherosclerosis. In concert with our findings, Koyama et al demonstrated a positive correlation between the expression level of P-selectin and carotid IMT. 20 The association between CXCL12 polymorphisms and IMT also has been reported by Coll et al in HIV-infected patients. 21 Although the other 2 significant genes (SCNN1B and NOS1) in our study have not been frequently investigated in IMT, plenty of evidence is available to support their genetic effects on atherosclerosis. For example, the neuronal nitric oxide synthase (encoded by NOS1) could suppress neointimal formation in mouse carotid arteries, 22 and polymorphisms in SCNN1B have been implicated in blood pressure regulation 23 and consequently influenced the atherosclerotic process.
Among the 7 genes significantly related to Bif_IMT in the present study, 4 of them (ACE, PON1, PTGS2, and MMP3) have been reported by other investigators. Based on the 
Figure.
The relationship between the 3 GRS groups and CCA_IMT and Bif_IMT. IMT were adjusted for age, sex, body weight, HDL-C, and hypertension. The 3 GRS groups were defined based on meanϮ1 SD. The number of subjects in each GRS category is shown in parentheses. meta-analysis, 24 the ACE Ins/Del polymorphism had significant influence on CCA_IMT in whites and Asians. In Hispanics, we found a similar effect for Bif_IMT, although a direct comparison cannot be made because these studies analyzed different genetic polymorphisms. Similar to our findings, the study by Rauramaa et al showed a positive association between the MMP3 polymorphism and Bif_ IMT. 25 However, a recent study of 1000 subjects reported an association of MMP3 polymorphism with IMT only among patients with hypertension. 26 We found the G allele of the nonsynonymous SNP rs662 in PON1 to be significantly associated with increased IMT. Previous reports on the associations between PON1 and IMT among whites and blacks have been inconclusive. 27, 28 PON1 exerts an antiatherogenic effect by protecting low-density lipoprotein cholesterol particles against oxidation. Because the Gln(A)3 Arg(G) substitution causes a lower PON1 activity, 29 it partly may have explained the finding that Arg(G) carriers had a higher risk for stroke 30 and possibly increased IMT as shown in this study. We also found that the G allele of PTGS2 rs20417 (G-765C) had a detrimental effect on IMT. This observation is consistent with the previous reports, in which the G3 C substitution resulted in lower transcription efficacy, diminished inflammatory response, lower IMT values, and reduced stroke risk. 31, 32 The 3 significant genes related to Bif_IMT (MMP12, TGFB2, and REN) in our study have been rarely investigated in the association studies. In transgenic animal models, the overexpression of MMP12 caused extensive atherosclerosis in the aorta and coronary arteries. 33 The transforming growth factor ␤2 encoded by TGFB2 was shown to stimulate the matrix production and to have a regulatory role in inflammation. 34 We observed a significant association between SNPs in genes associated with renin-angiotensin metabolism (ACE and REN) and Bif_IMT. Although renin (encoded by REN) regulates the first step of the renin-angiotensin pathway, its association with atherosclerosis has rarely been studied.
Our results suggest that IMT in CCA and IMT in Bif may be controlled by a different set of genes. The genes involved in hemostasis and endothelial function seem to have a greater effect on CCA_IMT, whereas the genes involved in extracellular matrix remodeling and the renin-angiotensin system may have greater influence on Bif_IMT. Similar to this finding, the quantitative trait loci of ICA_IMT and CCA_IMT was mapped to different genomic regions in the Framingham Heart Study Offspring Study. 35 Different anatomic and hemodynamic features in CCA and Bif may interact with unique set of genes involved in particular pathogenic pathways of IMT development. It has been shown that laminar flow and oscillatory shear stress trigger diverse endothelium responses and gene expressions. 36, 37 In vitro, an increased level of arterial shear stress induces endothelial quiescence and an atheroprotective gene expression profile. Low shear stress, which is prevalent at atherosclerosis-prone sites, stimulates an atherogenic phenotype. 38 These findings suggest that changes in levels of shear stress influence the arterial wall responses form less to more proliferative phenotypes, which may underlie observed differences in genetic effects on CCA IMT and BIF IMT. Information on genetic contributions to the different segments of carotid IMT is limited 2 and needs further research.
We used GRS as a single measure to estimate a cumulative effect of the genes significantly associated with IMT. The GRS accounted for a substantial variance in both CCA_IMT and Bif_IMT. In the epidemiological studies, IMT was an independent risk factor for stroke and other vascular diseases even after adjusting for dyslipidemia, diabetes, and other vascular risk factors. 39 Therefore, genetic contributions may provide additional information to the IMT variance and improve the models to predict stroke beyond traditional risk factors. The high-risk group (GRS Ն9) had significantly increased IMT than the low-risk group regardless of the composition of susceptible genes (Figure) . Use of the GRS may simplify an assessment of multiple gene effects in complex diseases and may provide a better estimate of individual susceptibility to atherosclerosis.
The present study has several limitations. First, a large number of SNPs tested in this study may raise a concern of inappropriate correction for multiple testing. However, the candidate genes are selected based on a priori hypothesis and they are biologically correlated. A very conservative statistical correction such as Bonferroni's correction would reject most of the biologically important findings in a polygenetic trait like atherosclerosis. Instead of performing permutation test for individual SNPs, we use bootstrap permutation to test the statistical precision of GRS. The highly significant probability values for the GRS have emphasized the contribution of these genes to increased IMT. Our results support that using cumulative effects from multiple genes is more advantageous in identifying susceptibility genes in complex diseases, especially when the genetic effect of individual gene is expected to be modest. Second, current sample size may restrict our ability to identify gene-gene or gene-environment interactions. We also acknowledge that the spare spacing of SNPs may attenuate the power to detect a true association in some candidate genes and some of the functional SNPs could not have been genotyped by the Illumina BeadArray technology. Although the present study focuses on a single ethnic group, we cannot exclude the possibility of population substructure in our participants. Finally, some technical issues such as a difference in the reliability of IMT measurements in CCA and Bif may contribute to the different effects of genetic and vascular risk factors between these 2 carotid segments. The reliability of IMT measurements in our laboratory is high 8 and comparable to the results from other large epidemiological studies and therefore less likely influenced our results.
Summary
This is the first study to screen a large number of susceptibility genes for carotid IMT in a population-based sample of Caribbean Hispanics. We have found 13 candidate genes contributing to the variation of carotid IMT. Several of them (MMP12, SELP, NOS1, THBS1, TGFB2, SCNN1B, and REN) have never been reported in association with carotid IMT. Also, we report a cumulative effect of several genes on IMT. Although these findings need to be replicated in different populations, our observation may provide a potential direction for the future gene-IMT association studies. Given the discrepancy between the genetic contributions to CCA_IMT and Bif_IMT, we believe that IMT in different carotid segments should be treated as separate phenotypes. 
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